Glioma is the most common malignant primary brain tumor. Its rapid growth is aided by tumor-mediated glutamate release, creating peritumoral excitotoxic cell death and vacating space for tumor expansion. Glioma glutamate release may also be responsible for seizures, which complicate the clinical course for many patients and are often the presenting symptom. A hypothesized glutamate release pathway is the cystine/glutamate transporter System x c − (SXC), responsible for the cellular synthesis of glutathione (GSH). However, the relationship of SXC-mediated glutamate release, seizures, and tumor growth remains unclear. Probing expression of SLC7A11/xCT, the catalytic subunit of SXC, in patient and mouse-propagated tissues, we found that~50% of patient tumors have elevated SLC7A11 expression. Compared with tumors lacking this transporter, in vivo propagated and intracranially implanted SLC7A11-expressing tumors grew faster, produced pronounced peritumoral glutamate excitotoxicity, induced seizures, and shortened overall survival. In agreement with animal data, increased SLC7A11 expression predicted shorter patient survival according to genomic data in the REMBRANDT (National Institutes of Health Repository for Molecular Brain Neoplasia Data) database. In a clinical pilot study, we used magnetic resonance spectroscopy to determine SXC-mediated glutamate release by measuring acute changes in glutamate after administration of the U.S. Food and Drug Administration-approved SXC inhibitor, sulfasalazine (SAS). In nine glioma patients with biopsy-confirmed SXC expression, we found that expression positively correlates with glutamate release, which is acutely inhibited with oral SAS. These data suggest that SXC is the major pathway for glutamate release from gliomas and that SLC7A11 expression predicts accelerated growth and tumor-associated seizures.
INTRODUCTION
Malignant glioma is the most common and lethal primary brain tumor, and in dire need for more effective therapy. Gliomas display aggressive growth and diffuse invasion, with headaches and seizures being common presenting symptoms. Recently, the excitatory amino acid glutamate has been implicated in glioma etiology; a microdialysis study in glioma patients reported extracellular glutamate concentrations to be elevated >100-fold (1) . The glioma-released glutamate has been suggested to enhance tumor invasion and aid growth by killing surrounding neurons through glutamate excitotoxicity (2) , a pathway of cell death more commonly associated with stroke and neurodegenerative disease (3, 4) . Glutamate release from gliomas has also been suggested to cause tumor-associated seizures (TAS) (5, 6) , which affect up to half of all glioma patients (7, 8) . TAS require treatment with one or more antiepileptic drugs, which produce undesirable side effects and potential drug interactions with chemotherapy treatments (9) and are often ineffective to control seizures in many patients.
One emerging hypothesis posits that glioma glutamate release is a consequence of enhanced self-preservation by tumor cells. Through an up-regulation of a cystine/glutamate exchanger, System x c − (SXC) (10), many malignant cells, including those of gliomas, increase cystine uptake for intracellular synthesis of glutathione (GSH), an antioxidant that supports tumor growth and survival (11) (12) (13) . SXC expression is regulated by the cellular redox state and is induced in gliomas under hypoxic conditions (11) . Cystine uptake is energetically driven by glutamate release (14) , which therefore becomes an obligatory by-product of GSH synthesis. Elevated extracellular glutamate concentrations are well known to cause excitotoxic neuronal injury in stroke (15, 16) and seizures in epilepsy (17, 18) . SXC is the preferred of many possible pathways for glioma glutamate release and one that could be targeted pharmacologically, should SXC be confirmed to play a major role in the disease. One U.S. Food and Drug Administration (FDA)-approved SXC inhibitor already exists [sulfasalazine (SAS) (19) ], and others are being developed (20) .
By examining SXC expression in patient-derived gliomas, we have identified two subgroups that either highly express or essentially lack expression of SLC7A11 (also known as xCT), the catalytic subunit responsible for SXC-mediated glutamate release. When these glioma tissues were propagated in vivo as flank tumor xenolines (21, 22) and subsequently implanted intracranially, tumors with increased SLC7A11 expression caused TAS, peritumoral excitotoxicity, and shortened survival. Increased SLC7A11 was similarly associated with shortened patient survival in REMBRANDT (National Institutes of Health Repository for Molecular Brain Neoplasia Data), an annotated genomic glioma database. In a clinical pilot trial with nine glioma patients, we used magnetic resonance spectroscopy (MRS) to identify patients whose tumors highly express SLC7A11 by detecting changes in peritumoral glutamate release after SAS administration. Tissue expression of SLC7A11 positively correlated with SAS-sensitive glutamate release.
RESULTS

SLC7A11 expression identifies two major glioma subtypes
The focus of this study was to determine whether SXC-mediated glutamate release from malignant gliomas is responsible for peritumoral excitotoxic tissue destruction and TAS. The catalytic subunit of SXC, SLC7A11, is required for cystine and glutamate transport via the heteromeric SXC transporter. Because about 50 to 60% of glioma patients report seizures, we hypothesized that the expression of SLC7A11, the gene encoding the catalytic subunit of the SXC transporter, may vary in expression between patients, causing heterogeneous clinical sequelae.
To examine the expression of SXC across glioma patients, we studied SLC7A11 protein expression in glioblastoma multiforme (GBM), high-grade glioma, using tissue microarrays (TMAs) of matched tumor and peritumoral brain tissue from 41 patients. Unlike ordinary biopsies, which rarely provide access to nontumor brain, these TMAs allow comparison of tumor versus peritumoral brain, matched for each patient. TMAs were incubated with antibodies against SLC7A11, scored in blinded fashion by a pathologist, and analyzed relative to those of each individual's matched, peritumoral brain. Analysis of tumor cores indicates a continuum of SLC7A11 expression (Fig. 1, A and B) ; however, both Gaussian fits to the expression data and testing for departure from unimodality in the population (Hartigan's dip test; peritumoral expression P = 0.4757, GBM core expression P = 0.01626) support the segregation of the patient tumors into highand low-SXC expressers relative to the average expression of SLC7A11 in the peritumoral tissue, which represents normal brain levels. Overall, there is significantly elevated expression in 53.7% of patient tumors relative to average peritumoral brain (high, 1.169 ± 0.164, P < 0.0001, n = 21 patients), and low, almost undetectable SLC7A11 in 46.3% with equal or lower expression compared to average peritumoral brain (low, 0.083 ± 0.016, n = 20 patients; peritumoral brain, 0.259 ± 0.057, n = 34). Similarly, 59 .5% of the samples showed increased SLC7A11 expression in the tumor rim/edge (1.17 ± 0.15; n = 22 patients) ( fig. S1 ). Elevated levels of this transporter near the tumor border may enhance the ability of glutamate released from SXC to reach and affect peritumoral brain. GBM1066  GBM14  GBM22  GBM39   GBM22   GBM22 S4CPG  GBM1066   GBM1066 S4CPG  GBM14   GBM14 S4CPG  GBM39   GBM39 S4CPG   0 GBM22   GBM22 SAS  GBM22 S4CPG  GBM1066   GBM1066 SAS  GBM1066 S4CPG  GBM14   GBM14 SAS  GBM14 S4CPG  GBM39   GBM39 SAS  GBM39 S4CPG   0 Gaussian fits and testing for unimodality (Hartigan's dip test; peritumoral expression, P = 0.4757; GBM core expression, *P = 0.01626) identify a significant departure from a unimodal population in the GBM core, segregating into low (blue; n = 22 patients) and high (red; n = 19 patients) SLC7A11 expression, relative to the average peritumoral brain expression (black; n = 36 patients).
Means ± SEM; analysis of variance (ANOVA), Tukey's post hoc test, ***P < 0.0001, ns = not significant. (C) Western blot of SXC subunits (catalytic, SLC7A11; regulatory, CD98) in patient-derived xenograft (PDX)-GBM samples ("GBM"), and a glioma cell line (U251); glyceraldehyde-3-phosphate dehydrogenase (GAPDH), loading control, n = 3 independent experiments. (D) Gliosphere medium glutamate concentrations, with or without (S)-4-CPG (n = 3 independent experiments per condition). (E) SXC activity measured in reverse-transport mode, commonly used to measure transporter function (55, 56) . Na + -free glutamate uptake with or without SXC inhibitors (S)-4-CPG and SAS; n = 3 independent experiments per condition. (D and E) Means ± SEM; ANOVA, Tukey's post hoc test, *P < 0.05, **P < 0.01, ***P < 0.0001, ns = not significant. (F) Fura-2 Ca 2+ -imaging of cortical neurons in bath-applied, gliosphere-conditioned medium. Application of GBM14-conditioned medium was followed by GBM22-conditioned medium, then 100 mM glutamate. In separate experiments, gliosphere-conditioned medium was applied with or without a glutamate receptor inhibitor (MK-801), or an SXC inhibitor [(S)-4-CPG; n = 3 independent experiments per condition; 10 to 15 cells analyzed per experiment]. (B to F) Red, higher SLC7A11 expression; blue, lower SLC7A11 expression.
Western blots from patient GBM tissue identified a similar expression profile for SLC7A11, with a little more than 50% of the tumors highly expressing SLC7A11 (6 of 11), and the remaining ones showing almost undetectable SLC7A11 expression (5 of 11) (Fig. 1C) . For further study, we selected two GBM patient tumors with high SLC7A11 expression (GBM22 and GBM1066; red) and two with low or no SLC7A11 expression (GBM14 and GBM39; blue), and maintained them as flankpropagated xenolines in vivo ( fig. S2A, inset) for further functional evaluation. This method of tumor propagation preserves gene and protein expression of the original excised patient tumors (21) (22) (23) . We confirmed that SLC7A11 expression was invariant during subsequent passaging in mice ( fig. S2, A and B) , as well as in cells maintained as gliospheres in short-term culture, and after subsequent intracranial implantation ( fig. S2C ). Furthermore, SLC7A11 immunocytochemistry confirms membrane-associated expression, colocalizing with phalloidin in GBM22 and GBM1066 gliomas, and a lack of membrane expression in GBM14 and GBM39 gliomas ( fig. S2D ).
SLC7A11 expression by Western blot predicted functional SXC expression as determined through transport assays. Here, the SXC inhibitor (S)-4-carboxyphenylglycine [(S)-4-CPG] selectively blocked glutamate release in SLC7A11-expressing GBM22 and GBM1066 gliomas (Fig. 1D ), but not in GBM14 and GBM39 gliomas, which express little SLC7A11. The autofluorescence of the SXC inhibitor SAS interferes with the glutamate assay; therefore, we examined transporter activity measuring reverse transport of [ (Fig. 1E) .
SXC activity produces excessive neuronal excitotoxicity
We next used ratiometric Fura-2 Ca 2+ imaging to determine whether glutamate released from SXC-expressing gliomas activates neuronal glutamate receptors, causing excitotoxicity. Cortical neurons showed intracellular Ca 2+ increases, averaging 299.4 ± 43.9 nM (n = 4 independent experiments per condition; two-tailed, unpaired t test, P < 0.01) when exposed to SXC-expressing gliosphere-conditioned medium, which were greatly reduced by the glutamate receptor antagonist MK-801 and reduced even further by MK-801 combined with the AMPA/kainate receptor antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione). A similar attenuation in Ca 2+ was observed after SXC inhibition with (S)-4-CPG (Fig. 1F and fig. S3 ). In contrast, neurons exposed to conditioned medium harvested from non-SXC-expressing gliomas showed significantly (P = 0.0056) smaller glutamate-mediated Ca 2+ increases, averaging only 109.1 ± 37.5 nM (Fig. 1F and fig. S3 ). These results suggest that glutamate release from SXC-expressing gliomas induces peritumoral neuronal Ca 2+ responses. To assess whether glutamate release is of sufficient magnitude to cause excitotoxicity, we cocultured gliomas and cortical neurons using a Transwell system, creating a barrier in which cells share medium without physical contact ( fig. S4A ). Neurons cocultured with SXCexpressing gliospheres for 48 hours showed a significant decrease (GBM22, P = 0.0035; GBM1066, P = 0.0478) in neuronal viability that was prevented by inhibition of SXC with either SAS or (S)-4-CPG, or blockade of neuronal glutamate receptors with MK-801 ( fig. S4B ).
We next assessed whether SXC-expressing tumors also induce excitotoxicity in vivo by implanting either SXC-or non-SXC-expressing glioma cells intracranially into immunodeficient (scid) mice (1.5 × 10 5 GBM cells per mouse). We observed an~80% reduction in the number of peritumoral NeuN + (neuronal nuclei-positive) neurons in SXCexpressing glioma-implanted mice (Fig. 2, A and B, and fig. S5 ) compared to the contralateral brain ( fig. S6 ) or mice implanted with non-SXCexpressing gliomas. By contrast, GFAP + (glial fibrillary acidic proteinpositive) astrocytes were equally surrounding tumors of both types ( Fig.  2A and fig. S5 ), indicating that glutamate release does not affect peritumoral astrocytes. The observed reduction of NeuN + neurons, presumably by excitotoxicity, was not replicated by intracranial injection of nonmalignant astrocytes derived from Aldh1l1-enhanced green fluorescent protein (EGFP) mice into scid mice ( fig. S7) .
The mean survival of mice bearing SXC-expressing gliomas was shortened to 20 to 22 days post-injection (dpi), compared to 27 to 32 dpi for those with non-SXC-expressing tumors (Fig. 2C ). SXCexpressing glioma cells also grew faster in vitro ( fig. S8A ).
Histologically, SXC-expressing tumors have less distinct margins and show greater peritumoral invasion than non-SXC-expressing tumors, with significantly more cells migrating away from the tumor mass (GBM14, 679.9 ± 18.84 cells/mm 2 , n = 3 animals; GBM22, 723.3 ± 141.3 cells/mm 2 , n = 3 animals, F test to compare variances, P = 0.0350) ( Fig. 2D and figs. S8B and S9A). Electron microscopic (EM) images of tumor and peritumoral brain also illustrate interstitial edema, elaborate cellular processes, and flat, elongated cells in SXC-expressing gliomas. There was comparatively less edema in tissue samples containing non-SXCexpressing gliomas, where tumor cells appeared more round, with smaller protrusions and more distinguishable tumor borders ( Fig. 2E and fig. S9B ).
SXC-expressing gliomas enhance peritumoral neuronal hyperexcitability
Previous studies suggested that SXC-mediated glutamate release might be a factor in tumor-associated epilepsy (5). We therefore assessed the electrophysiological properties of peritumoral neurons in SXC-expressing and non-SXC-expressing glioma-implanted mice compared to sham controls. As shown by whole-cell patch-clamp recordings of layer II/III pyramidal neurons, neurons peritumoral to SXC-expressing gliomas showed more depolarized resting membrane potentials than shams, whereas those implanted with non-SXC-expressing gliomas did not (Fig. 3A) . The input resistance and amplitude of the sag due to the inward rectifier cationic current (I H ) were not significantly different among the groups (Table 1) . In current clamp, held at −70 mV, neurons peritumoral to SXC-expressing gliomas, but not peritumoral to non-SXC-expressing gliomas, fired significantly more action potentials (80 pA, P = 0.0365; 100 pA, P = 0.0384) at increasing current injections, compared to neurons in sham control slices (Fig. 3 , B and C). Single action potentials showed no differences in amplitude, half width, and afterhyperpolarization (AHP) ( Table 1) . In current clamp, neurons were stepped to depolarizing potentials, comparing the threshold at which the first action potential occurred. No difference was found between the three groups ( fig. S10 ), suggesting no change in the intrinsic excitability of neurons peritumoral to SXC-expressing gliomas. Hence, an extrinsic factor, presumably glutamate, must be responsible for the enhanced excitability of these neurons. Table 1 summarizes all membrane parameters analyzed for the three groups.
To assess whether SXC expression influences the hyperexcitability threshold, we induced epileptiform activity using two well-established and widely used pharmacological models, namely, bicuculline (Bic) and magnesium-free induced excitability (24, 25) (Fig. 3) . We recorded spontaneous postsynaptic currents (sPSC) in artificial cerebrospinal fluid (ACSF) before and after bath application of the g-aminobutyric acid A (GABA A ) receptor blocker Bic (10 mM). Epileptiform activity was rapidly induced in SXC-expressing tumor-bearing slices, whereas a much longer latency was required for activity in neurons in non-SXCexpressing tumor-bearing slices and sham controls (Fig. 3, D and F) .
Similarly, there was a shorter latency to the first epileptiform event in magnesium-free ACSF in the SXC-expressing tumor-bearing slices compared to non-SXC-expressing and sham control slices (Fig. 3 , E and G). In addition, a larger percentage of neurons in SXC-expressing tumor-bearing slices displayed epileptiform events after 30 min, compared to neurons in non-SXCexpressing and sham slices (Fig. 3H) .
Because epilepsy requires network activation, we evaluated whether SXCmediated glutamate release also affects neuronal networks by monitoring the spread of electrically evoked activity in slices loaded with a voltage-sensitive dye, RH414. Tumorbearing acute brain slices from intracranially injected mice were stimulated peritumorally ( Fig. 4A) , and activity was recorded. Threshold stimulation evoked larger, longer-lasting waves of depolarization as indicated by the greater mean amplitude and duration in slices containing SXC-expressing gliomas compared to sham control slices, whereas slices containing non-SXC-expressing gliomas displayed a slightly higher mean duration, but not amplitude, versus control (Fig. 4, B to E). The number of diodes activated in all gliomaimplanted slices was significantly (P < 0.0001) higher than in sham-injected slices (Fig. 4F) .
These findings suggest that functional SXC expression presents with peritumoral neuronal hyperexcitability. Therefore, we hypothesized that SXC expression may predict enhanced seizure susceptibility. To show this, we implanted 55 animals with either SXC-expressing (GBM22/GBM1066; red) or non-SXC-expressing (GBM14/ GBM39; blue) gliomas and monitored brain activity by intracranial electroencephalogram (EEG). Continuous EEG monitoring for up to 23 days showed that 70 to 77% of mice implanted with SXCexpressing gliomas developed seizures with epileptic discharges associated with tonicclonic behavioral seizures lasting 30 to 120 s (Fig. 5 and movie S1 ). Although many of the glioma-implanted mice also exhibited interictal spike-wave epileptic discharges (Fig. 5, B and F) , non-SXC-expressing glioma-implanted mice rarely had seizures, with only 3 of 31 animals showing seizure events over an observation period of up to 23 days per animal, depending on survival (average survival is 27.5 days for non-SXC-expressing glioma-implanted mice). Even for those rare events, SXC-expressing gliomas induced seizures earlier in the disease than non-SXC-expressing gliomas (Fig. 5E ). , and astrocytes (GFAP, magenta) in cortices implanted with SXC-expressing (GBM22) and non-SXC-expressing (GBM14) gliomas. Inset, ×2.5 magnification; scale bars, 50 mm. (B) Peritumoral NeuN+ neuron quantification in the SXC-expressing (red) and non-SXC-expressing (blue) gliomas (n = 3 animals per condition). Means ± SEM; ANOVA, Tukey's post hoc test, *P < 0.05, **P < 0.01, ***P < 0.0001. (C) KaplanMeier plot of survival of tumor-bearing mice, days after injection for the SXC-expressing (GBM22, n = 14 animals; GBM1066, n = 10 animals) versus non-SXC-expressing (GBM14, n = 15 animals; GBM39, n = 16 animals) gliomas. (D) Representative hematoxylin and eosin (H&E) immunostaining of intracranially implanted SXC-expressing (GBM22; n = 3 animals) and non-SXC-expressing (GBM14; n = 3 animals) gliomas, highlighting less well-defined borders of SXC-expressing gliomas, with finger-like projections invading into surrounding brain tissue (T, tumor; PT, peritumoral tissue; white arrowheads, tumor border). Scale bar, 100 mM. (E) Representative EM images showing cell morphology of SXC-expressing (GBM22, red; n = 2 animals; 78 images analyzed) and non-SXC-expressing (GBM14, blue; n = 2 animals; 46 images analyzed) intracranial gliomas. Tumoral and peritumoral edema (white areas, highlighted by black arrowheads) is apparent between the elaborately wound cellular processes of GBM22 cells. Less abundant, localized edema in GBM14 glioma-bearing cortex with more easily distinguished cell borders (right). GC, glioma cell(s)/processes (green); EC, endothelial cell (purple); BV, blood vessel; black arrowhead, edema. Scale bar, 2 mM.
Genomic data stratify glioma patients
The above findings establish SXC expression as a predictor for excitotoxicity and seizure activity in mice implanted with human gliomas. To determine whether this finding also holds true in glioma patients, we searched for evidence to correlate altered SLC7A11 expression with patient survival and seizure presentation. We extracted patient survival data from the REMBRANDT database (26) and divided the glioma patients included in the database into two groups based on SLC7A11 mRNA expression relative to nonneoplastic brain tissue (high SLC7A11 expression, ≥150% mRNA expression; low SLC7A11 expression, ≤ 66% mRNA expression). On average, patients with reduced SLC7A11 expression lived 9 months longer than patients with tumors expressing elevated SLC7A11 levels (P = 0.0238, log-rank test) (Fig. 6A) . This survival advantage may be due to decreased glutamate-mediated excitotoxicity, as a result of lower SLC7A11 expression. Unfortunately, seizure status is not annotated for these patients.
SXC inhibition reduces peritumoral glutamate in patients
To extend these preclinical findings linking SXC to TAS and excitotoxicity, we explored whether glutamate release from gliomas can be , and neurons peritumoral to SXC-expressing (GBM22, red; n = 4 neurons) and non-SXCexpressing (GBM14, blue; n = 3 neurons) glioma-implanted cortex. *Individual epileptiform event on expanded time scale. (E) Sample recordings of epileptiform activity induced by magnesium-free ACSF in shaminjected controls (Sham, black; n = 9 neurons), and neurons peritumoral to SXC-expressing (GBM22, red; n = 7 neurons) and non-SXCexpressing (GBM14, blue; n = 11 neurons) glioma-implanted cortex. *Indicates trace expanded in inset. (F) Latency to Bic-induced epileptiform activity in sham-injected controls (Sham, black; n = 5 neurons), and neurons peritumoral to SXC-expressing (GBM22, red; n = 4 neurons) and non-SXC-expressing (GBM14, blue; n = 4 neurons) glioma-implanted cortex. (G) Latency to magnesium-free-induced epileptiform activity in shaminjected controls (Sham, black; n = 9 neurons), and neurons peritumoral to SXC-expressing (GBM22, red; n = 7 neurons) and non-SXC-expressing (GBM14, blue; n = 11 neurons) glioma-implanted cortex. (F and G) Means ± SEM; ANOVA, Tukey's post hoc test compared to sham, *P < 0.05, **P < 0.01. (H) Percentage of neurons displaying epileptiform events at 30 min after magnesium-free ACSF was applied to sham-injected control slices (Sham, black; n = 4 of 11 neurons) and neurons peritumoral to SXCexpressing (GBM22, red; n = 9 of 11 neurons) and non-SXC-expressing (GBM14, blue; n = 10/20 neurons) glioma-implanted cortex.
attributed to SXC and hence modifiable using the FDA-approved SXC inhibitor SAS. In a pilot clinical study, we enrolled nine patients and noninvasively measured changes in glutamate release by MRS as previously described (27) . Because lower-grade gliomas also express variable levels of SXC ( fig. S11) , this study included patients diagnosed with grades II to IV gliomas, including GBM, astrocytoma, and oligodendroglioma (three patients each). For each patient, we measured the acute response of peritumoral glutamate (Glx) to acute oral dosing of SAS ( Fig. 6B and fig. S12 ). MRS data showed a range of Glx responses after SAS administration (Fig. 6C) . Using chromogenic staining, we analyzed SLC7A11 expression in biopsy tissue from each patient and matched the SAS-induced response on MRS (Fig. 6 , C to E). For each of the glioma subtypes, higher SLC7A11 expression predicted a larger change in Glx after each SAS dose. Indeed, SLC7A11 expression correlated significantly with the relative decrease in Glx for each GBM patient ( Fig. 6E , P = 0.0134; R 2 = 0.9996, linear regression). In patients with decreases in Glx after SAS, we observed a delayed increase in Glx 24 hours later ( fig. S12B ). This "rebound" peak suggests that SXC activity and/or expression increases after pharmacological inhibition, consistent with glioma cells increasing their cystine uptake, and consequently, glutamate release, in an effort to resupply GSH after transient depletion.
In addition to MRS data, we were able to obtain EEG data for six of the nine patients in the trial. EEGs were abnormal for all six patients, with findings ranging from focal or generalized slowing, breech rhythm, or epileptiform discharges to focal seizures (Fig. 6F and fig.  S13 ). In two of the six, the abnormal EEGs were obtained at times of clear tumor progression on imaging. Further patient information is included in table S1.
DISCUSSION
Glioma glutamate release has been implicated in glioma growth (1, 10, 28), invasion (2, 29, 30), edema (31), and peritumoral epilepsy in animals (5), and some studies implicated the cystine/glutamate exchanger, SXC, as one of the glutamate release pathways in gliomas (31) (32) (33) . SXC is universally up-regulated in glioma cell lines, yet our analysis of human glioma tissue in TMAs unveiled a subpopulation of about 54% of glioma patients who have elevated tumor SLC7A11 expression, whereas the remaining 46% have lower expression, comparable to control brain levels. The subset of gliomas expressing elevated SXC corresponded well with the incidence of TAS reported in the glioma patient population (34) . Moreover, we show that lack of SLC7A11 expression confers an improved clinical outcome for patients, who live on average 9 months longer. and spread of stimulus-induced activity (C) in SXC-expressing (GBM22, red; n = 3 animals) and non-SXC-expressing (GBM14, blue; n = 3 animals) intracranially implanted acute slices. (D and E) Amplitude (D), duration (E), and number of diodes activated (F) during the response to threshold stimulation detected in GBM22 and GBM14 glioma-bearing acute slices, compared to sham-injected control animals (Sham). (E and F) Means ± SEM; ANOVA, Tukey' s post hoc test, *P < 0.05, **P < 0.01, ***P < 0.0001. Five-millisecond intervals.
Because the TMAs contained peritumoral brain from each patient, we were able to compare relative SLC7A11 expression of tumor against surrounding brain. Although this peritumoral brain tissue may contain a low density of invading tumor cells, which may falsely elevate the SLC7A11 expression in the peritumoral brain of patients with higher SLC7A11-expressing tumors, this comparison offers a reasonable internal control. Comparable expression differences were observed in patient glioma xenografts analyzed by Western blot, and in those, SLC7A11 expression also correlated with glutamate release, determined through absorbance and radiotracer studies. Using two xenolines expressing very high and two xenolines expressing very low levels of SLC7A11, we had the opportunity to functionally study patient gliomas that natively express or lack SXC, and, as a result, do or do not release glutamate. SXC expression was associated with extensive peritumoral neuronal death, mediated by N-methyl-D-aspartate receptor (NMDA-R)-induced excitotoxicity. Animals intracranially implanted with these gliomas frequently exhibited TAS, which were rare in animals implanted with gliomas lacking SXC. The absence of SXC was also associated with~40% longer survival. These data strongly suggest that SXC-mediated glutamate release is causal of tumor-associated epilepsy.
The patient-derived xenoline glioblastoma model proved to be a clinically relevant model of the human disease, particularly because, unlike cell lines, they reproduced spontaneous seizures when implanted intracranially in mice. Both on video and EEG, these animals experienced events that resemble the more typical seizure activity seen in glioma patients (19) , in contrast to previous studies of mice implanted with SXCexpressing glioma cell lines, which only show interictal spiking on EEG (5). The xenolines are known to prevent the genetic changes seen in vitro (21) (22) (23) and preserve the heterogeneous SLC7A11 expression found in patient TMAs. Although there appears to be a continuous distribution of SLC7A11 expression, it follows a bimodal pattern, where about half of the tumors express higher levels than surrounding brain tissue.
Our studies extend previous reports demonstrating glutamate release from glioma cell lines (31) (32) (33) 35) , and toxic peritumoral glutamate concentrations in patients (1) . Previously, the strongest evidence of SXC's role in this aspect of tumor biology was from a study using short hairpin RNA knockdown of SLC7A11 in a glioma cell line. When these knockdown cells were implanted in vivo, peritumoral edema and neuronal death were reduced and overall survival was enhanced compared to control mice (32) .
Both the heterogeneity of SLC7A11 expression in gliomas and the identification of two populations of gliomas with either reduced or enhanced SXC expression were unexpected, and the survival advantage for glioma patients based on genomic data in the REMBRANDT brain tumor database is compelling. In patients, reduced SLC7A11 expression correlated with an average increase in survival of 9 months. Unfortunately, current tumor databases do not reliably record seizure incidence, and patient medication status is not a reliable indicator of seizure activity because many patients are prophylactically maintained on antiepileptic drugs regardless of seizure status. Recent clinical studies have found correlations between increased SLC7A11 expression and seizure incidence (6) that agree with our findings, as well as faster tumor growth and worse prognosis for patients with increased tumor SLC7A11 expression (36) . Notably, some contradictory findings suggest that new-onset seizures favor a better survival for patients, whereas a recurrence or worsening of seizures predicts tumor progression and therefore worse survival (37) (38) (39) . Because most patients will seek medical evaluation for a new-onset seizure, these patients may present earlier and subsequently be treated at an earlier time point. A loss of survival benefit with recurrence or worsening of TAS suggests that tumor growth may parallel seizure occurrence.
Our prospective clinical pilot study had no intent to treat but instead sought to show that glutamate release measured by MRS occurred via the SXC transporter and can therefore be modified by SAS. In the nine patients tested, a spectrum of glutamate responses were seen after SAS administration, and the MRS glutamate response correlated . Meaningful statistics could not be performed because only a small number of non-SXCexpressing glioma-implanted animals had seizures or interictal spike-wave activity (GBM14, n = 2 animals, eight seizure events, six interictal spikewave activity; GBM39, n = 1 animal, one seizure event, zero interictal spikeway activity) compared to SXC-expressing tumor-implanted animals.
with the extent of glioma SLC7A11 expression in each subtype of patient tumor. Gliomas of all grades variably express SXC (40) . When present, it is likely to contribute to excitotoxicity and potential TAS, regardless of tumor grade. This agrees with studies showing increased peritumoral glutamate in patients harboring anaplastic astrocytoma (1) and oligodendroglioma (41) . Because our functional studies focused only on high-grade gliomas, further exploration of SXC expression and function among low-grade gliomas is warranted. Although underpowered to make broader claims, these data suggest that glutamate release from gliomas occurs principally via SXC and that SAS penetrates the blood-brain barrier and acutely reduces glutamate. Together with our preclinical data, this suggests that SXC activity accounts in large measure for TAS and peritumoral excitotoxicity. Future studies will need to examine whether SXC-mediated glutamate release measured by MRS may serve as a sensitive, noninvasive clinical marker to identify patients with excitotoxic tumors who will experience more rapid disease progression and seizure complications. This screening would also help identify patients who may benefit from adjuvant therapy targeting SXC inhibition.
Notably, SAS is an imperfect drug, because its biological half-life is only 80 min (19) and majority of the drug is lost to cleavage by gut bacteria. However, it is currently the only approved drug targeting SXC. More specific SXC inhibitors with improved specificity and bioavailability are under development (42) and may soon enter clinical trials.
Together with past work, our findings provide a confluence of evidence to argue in favor of a growth-promoting and excitotoxicity-inducing role of SXC-mediated glutamate release from malignant gliomas. We identified a noninvasive way to detect SXC activity and resulting glutamate release in glioma patients. Similar glutamate spectroscopy may be instructive for other seizure disorders; these may potentially benefit from SAS and/or other drugs with similar mechanisms of action in the brain. Indeed, gliomas belong to the group of acquired/symptomatic epilepsies, which also include those resulting from trauma, infections, and brain abnormalities such as mesial-temporal lobe sclerosis. In each of these disorders, glial A B P t 2 P t 1 P t 4 P t 3 P t 9 P t 5 P t 8 P t 6 P t 7 abnormalities have been demonstrated (43) (44) (45) (46) (47) (48) . It is possible, even likely, that elevated SXC expression in glial cells may contribute more generally to acquired epilepsy, with glioma being just an example in which this mechanism is being identified.
MATERIALS AND METHODS
Study design
The goal of this study was to determine the role of SXC-mediated glioma glutamate release in excitotoxicity/seizures. Experiments were performed on glioma tissue and tissue grown in vivo [approved by the University of Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee/UAB Institutional Review Board]. Sample sizes were determined on the basis of previous publications (5, 33) . For in vivo experiments, animals that did not establish a tumor were excluded (per preestablished exclusion criteria). Naïve mice were randomly chosen for intracranial injections (same species/strain/age/sex and housing/maintenance conditions); endpoint was being moribund or death. In vitro experiments included three or more biological replicates and two to four technical replicates. Investigators were blinded during TMA SLC7A11 scoring, and also blinded to xenoline identity during EEG analysis and specific in vitro experiments (indicated in figure legends) . The pilot clinical trial (ClinicalTrials.gov, #NCT01577966) was a randomized prospective trial, designed to test MRS detection of SXC activity through glutamate release. Nine patients with a histological diagnosis of malignant glioma were randomly recruited at UAB, and written consent was obtained. Separate investigators performed MRS analysis and chromogenic staining quantification, blinded to patient identity; data were matched after analysis was complete.
SLC7A11 immunohistochemistry on GBM invasion TMA Face cuts from formalin-fixed, paraffin-embedded blocks of tissue from GBM patients were identified by board-certified neuropathologists as containing tumor core, edge, or rim (core: hypercellular, angiogenic areas; edge: interface between tumor core and peritumoral brain; rim: peritumoral brain). Tissue punches (1 mm) from marked regions were serially sectioned at 8-mm thickness (49) . Using standard immunohistochemistry (IHC) processing protocols, sections were stained for SLC7A11 (1:25 dilution; Abcam), followed by a peroxidase-conjugated secondary antibody, with diaminobenzidine/hydrogen peroxide as chromogen/substrate. Scoring was based on a 0 to 3 staining intensity scale (matched areas of adjacent brain for each tissue sample used as reference for relative change of tumor versus peritumoral brain). Only tissues successfully processed for staining were analyzed (41 of 45 samples). Tumor cores consistently showed higher cellular density than tumor rim or peritumoral brain. Because of patient-to-patient variability, we did not attempt to establish correlation of SLC7A11 expression and cellular density.
Western blot
Western blotting was performed as previously described (50) .
Glutamate release
Gliospheres were dissociated, and 2.5 × 10 6 cells were incubated in 2 ml of medium ± inhibitor [(S)-4-CPG, 0.5 mM]. Medium was collected after 24 hours, and glutamate concentrations were measured using a Glutamate Assay Kit (Sigma-Aldrich), according to the manufacturer's directions.
Glutamate uptake
Glutamate uptake procedures were performed as previously described (51) . Reverse-mode uptake was performed to measure SXC activity (52) . Dissociated cells were plated at 100,000 cells per well in 24-well plates.
Calcium imaging
Calcium imaging and calibration were performed as previously described (53) .
Retrospective analysis of SLC7A11 gene expression in human gliomas
Correlations between SLC7A11 expression and patient survival were determined through analysis of the REMBRANDT database (http:// caintegrator.nci.nih.gov/rembrandt). High SLC7A11 expression was defined as ≥150% increase, and low was defined as ≥66% decrease in expression compared to mean nonneoplastic brain.
Immunohistochemistry
Tumor-implanted animals were perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Coronal sections (100 mm) were blocked for 1 hour at room temperature (RT) in blocking buffer (10% serum, 0.5% Triton X-100) and incubated with primary antibodies [anti-NeuN (1:500; Millipore), anti-GFAP (1:1000; Dako), anti-SLC7A11 (1:100; Abcam), or anti-human nuclei (HuN) (1:1000; Millipore)] at 4°C, overnight. Slices were washed with PBS for 20 min and incubated with secondary antibodies [AlexaFluor (1:1500; Invitrogen)] for 1 hour at RT. Washed slices were mounted on glass slides and coverslipped using AquaPolymount (Polysciences). Images were acquired with an Olympus FluoView FV1000 laser scanning microscope (Olympus). Peritumoral neuronal density was quantified as the number of NeuN + peritumoral neurons normalized to the total peritumoral area (240 to 350 mm). NeuN staining showed autofluorescence in areas of necrosis. For HuN cell quantification, 25 regions of interest (ROIs) (three animals per condition) were imaged, and the number of cells migrating away from the tumor mass (≤300 mM distance from tumor border) was quantified.
In vitro EEG/video recording EEG and video recording were performed as previously described (5) . Events 12 to 15 Hz and ≥5× baseline amplitude were flagged for analysis. EEG abnormalities were matched with video to confirm seizures. Animals were recorded until moribund.
Electrophysiology
Isoflurane-anesthetized animals were decapitated, and brains were immersed in ice-cold ACSF [135 mM N-methyl-D-glucamine (NMDG), 1.5 mM KCl, 1.5 mM KH 2 PO 4 , 23 mM choline bicarbonate, 25 mM D-glucose, 0.5 mM CaCl 2 , 3.5 mM MgSO 4 ]. Coronal slices (300 mm) were recovered for 1 hour in ACSF (125 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 2 mM CaCl 2 , 1.3 mM MgSO 4 , 25 mM glucose) at 37°C. For whole-cell recordings of sPSC, cells were held at −70 mV. The intracellular solution contained 134 mM K-gluconate, 1 mM KCl, 10 mM Hepes, 2 mM Mg-ATP (adenosine 5′-triphosphate), 0.2 mM Na-GTP (guanosine 5′-triphosphate), and 0.5 mM EGTA (pH 7.4, 285 to 290 mosmol). Tight seals were made with patch electrodes (KG-33 glass, Garner Glass) with a 3 to 5 megohm open-tip resistance. Data were acquired using an Axopatch 200B amplifier, pClamp 10 software, and a Digidata 1440A interface (Molecular Devices). Data were filtered at 5 kHz, digitized at 10 to 20 kHz, and analyzed using Clampfit 10.0 software (Molecular Devices).
Voltage-sensitive optical recordings
Voltage-sensitive dye experiments were conducted as previously described (5) using the voltage-sensitive fluorescent dye RH414.
Proton MRS
Imaging was performed on a 3-T head-only MRI scanner (Siemens Allegra) with a circularly polarized transmit/receive head coil. Anatomical localizer images [gradient-recalled echo sequence; repetition time (TR)/echo time (TE) = 250/3.48 ms; flip angle, 70°; 5-mm slice thickness; 1.5-mm gap; 512 × 512 matrix] were acquired in axial/ coronal/sagittal planes for spectroscopic voxel placement. Voxels (2 × 2 × 2 cm) were placed peritumorally in normal-appearing brain tissue. After manual shimming, water-suppressed spectra were acquired using the point-resolved spectroscopy sequence [PRESS; TR/TE = 2000/80 ms to optimize Glx signal and minimize macromolecule contribution; spectral bandwidth of 1200 Hz, 1024 points, 256 averages (8 min/30 s)].
Statistical analysis
Results are presented as means ± SEM, unless otherwise indicated. Significance was defined as P < 0.05. GraphPad Prism 5.02 and Origin 8.5 were used for statistical analysis. MRS data were analyzed with SPSS 12.0. The Shapiro-Wilk test for normality was used, and nonnormally distributed data were subjected to a two-tailed Mann-Whitney test. Normally distributed data were subjected to either a one-way ANOVA with Tukey post-test or a two-tailed Student's t test. For survival analysis, Kaplan-Meier analysis was performed followed by logrank test. In Fig. 1B , unimodality of the distribution of the individual groups was confirmed by the dip test of unimodality (54) using R.3.1.2 program with dip test package installed (The R Foundation for Statistical Computing). Original data and exact P values are shown in table S2.
Additional methods
The detailed methodology is described in the Supplementary Materials and Methods.
SUPPLEMENTARY MATERIALS
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